In mitochondria of Saccharomyces cerevisiae, a single aminoacyl-tRNA synthetase (aaRS), MST1, aminoacylates two isoacceptor tRNAs, tRNA 1 Thr and tRNA 2 Thr , that harbor anticodon loops of different size and sequence. As a result of this promiscuity, reassignment of the CUN codon box from leucine to threonine is facilitated. However, the mechanism by which a single aaRS binds distinct anticodon loops with high specificity is not well understood. Herein, we present the crystal structure of MST1 in complex with the canonical tRNA 2 Thr and non-hydrolyzable analog of threonyl adenylate. Our structure reveals that the dimeric arrangement of MST1 is essential for binding the 5 -phosphate, the second base pair of the acceptor stem, the first two base pairs of the anticodon stem and the first nucleotide of the variable arm. Further, in contrast to the bacterial ortholog that 'reads' the entire anticodon sequence, MST1 recognizes bases in the second and third position and the nucleotide upstream of the anticodon sequence. We speculate that a flexible loop linking strands ␤4 and ␤5 may be allosteric regulator that establishes cross-subunit communication between the aminoacylation and tRNA-binding sites. We also propose that structural features of the anticodon-binding domain in MST1 permit binding of the enlarged anticodon loop of tRNA 1 Thr .
INTRODUCTION
Aminoacyl-tRNA synthetases (aaRSs) ensure accurate decoding of the genetic code through their ability to select and pair each proteinogenic amino acid with a specific set of isoacceptor transfer RNAs (tRNAs) (1) . AaRSs activate the carboxyl group of the amino acid with ATP and then promote its coupling to the 3 -end of tRNA. The final reaction product, aminoacyl-tRNA (aa-tRNA), serves as an obligate substrate for the translating ribosome where the final steps of the decoding process and peptide bond synthesis take place. Because protein translation factors and the ribosome are not capable of identifying and editing misacylated tRNA species, it is presumed that aaRSs dictate the accuracy of protein synthesis. This notion is supported by the fact that the error rate of the aminoacylation reaction (∼10 −4 per decoding event) closely reflects the overall error rate translation (2) . AaRSs achieve a relatively high level of accuracy through substrate selection as well as by their ability to edit reaction products. Selection of the amino acid is defined by the configuration of the active site of the enzyme. Although the catalytic groove can exclude a number of chemical structures, the activation of incorrect amino acids is still promoted by almost every aaRS, albeit at the very low rate of 10 −4 to 10 −5 (2) . The misactivated amino acids are hydrolyzed either in the active site before the transfer onto the tRNA (i.e. pre-transfer editing) or in a distinct editing site after the coupling reaction is complete (i.e. post-transfer editing) (3) (4) (5) . Whereas the selection of the amino acids is constrained within the relatively small cavities of the catalytic and editing sites, the tRNA selection requires engagement of larger parts of the enzyme surface. In general, the catalytic-and anticodon-binding domains recognize elements in the acceptor and anticodon arms of the cognate tRNA, respectively, and it is thus not surprising that the frequency of errors stemming from charging the non-cognate tRNAs are 10 −6 or lower (2) . With the exception of a few aaRSs (6) , most aaRSs recognize their cognate tRNA(s) through specific interactions with the anticodon loop and the anticodon sequence. In fact, the strict recognition of the second and third position in the anticodon sequence provided initial evidence for the 'wobble' hypothesis and, subsequently, led to the belief that the genetic code is universal and frozen (7, 8) . Multiple studies, however, revealed codon reassignment events in mitochondrial and nuclear genomes in all domains of life (9) (10) (11) , suggesting that the genetic code is, in fact, evolving.
For instance, in mitochondria, the mutated tRNA Trp facilitates the reassignment of the UGA codon to trypto-phan (Trp) (11) . In bacteria, archaea and eukaryotes, the recoding of the nuclear opal stop codon into the 21st amino acid, selenocysteine (Sec), is mediated by a distinct tRNA Sec (9, 12) . Further, several methanogenic archaea rewire the amber stop codon into a signal for incorporation of the 22nd amino acid, pyrrolysine (Pyl) (13, 14) , whereas the anomalous recognition of the AUA codon by tRNA Met alters the meaning of this particular triplet from isoleucine (Ile) to methionine (Met) in the mitochondria of several yeast species (11) . Perhaps the most peculiar reassignment event was observed in the mitochondria of budding yeast: Saccharomyces, Vanderwaltozyma and Nakaseomyces. Protein sequencing and mass spectroscopy analysis of these yeasts confirmed that the CUN box (N designates A, G, U or C) was reassigned to encode threonine (Thr) instead of the canonical leucine (Leu). In S. cerevisiae alone, the Leu -> Thr reassignment occurred in at least six mitochondrial proteins (15) . Moreover, it was shown that the canonical tRNA 2 Thr is no longer present in these yeasts and that the codon reassignment event is facilitated by the anticodon sequence UAG, present in the enlarged 8-nucleotide (nt) long anticodon loop encoded in the unusual tRNA 1 Thr . However, the yeast mitochondria also express a canonical tRNA 2 Thr that reads the ACN codons. It was believed that because of the major differences in anticodon loops and sequences, two mitochondrial ThrRSs must be charging tRNA 1 Thr and tRNA 2 Thr . However, our biochemical and biophysical studies have firmly established that a single ThrRS, designated as MST1, binds to and acts on both mitochondrial tRNA Thr species equally well. Furthermore, the phylogenetic, mutational and kinetic studies demonstrated that tRNA 1 Thr evolved from tRNA His and that it co-evolved with MST1 (16) .
MST1 is a class II aaRS devoid of the editing domain. Its structure closely resembles that of the bacterial orthologs and differs significantly from the archaeal ThrRS (17) . In spite of the sequence divergence, MST1 primarily recognizes the anticodon loops of the substrate tRNAs. Whereas the size of the anticodon loop is critical for recognition of tRNA 1 Thr , it is the anticodon sequence that drives productive binding of tRNA 2 Thr (17) . Further, distinct pockets within the anticodon-binding domain of MST1 might be responsible for coordinating different anticodon loops (17) . However, in spite of the earlier studies, the exact mechanism by which a single ThrRS is capable of recognizing distinct anticodon loops of the two isoacceptor tRNAs remained unclear. Herein, we determined the crystal structure of MST1 in complex with the canonical tRNA 2 Thr and a non-hydrolyzable analog of threonyl adenylate (TAM). Our structure shows that the MST1 dimer binds two tRNAs and that the dimeric arrangement is essential for binding to the 5 -phosphate, and the acceptor and anticodon stems. The enzyme 'reads' the nucleotide immediately upstream of the anticodon sequence, the second and third position of the anticodon triplet, the first two base pairs of the anticodon stem and the second base pair of the acceptor arm. Structural analysis reveals putative relay elements that communicate between the tRNA-binding and catalytic sites as well as differences in the tRNA-recognition mechanism used by the yeast mitochondrial and bacterial enzymes.
MATERIALS AND METHODS

Expression and purification of MST1
The S. cerevisiae MST1 gene was cloned into a pET28a expression vector (Novagen) with an N-terminal His 6 -tag. The recombinant protein was overexpressed for 18 h at +15
• C in the Rosetta pLysS (Novagen) E. coli expression strain following the addition of 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside to the culture. The recombinant protein was captured from the cell lysate using a Ni 2+ affinity column (GE Healthcare) following a standard purification protocol. The affinity column eluate was then subjected to a HiLoad 26/600 Superdex 200 pg size exclusion column (GE Healthcare) equilibrated with 20 mM Tris HCl pH 7.5, 300 mM NaCl and 0.5 mM tris(2-carboxyethyl)phosphine (TCEP). The purified protein was concentrated, flash-frozen in liquid nitrogen and stored at −80
• C prior to use.
In vitro transcription and purification of tRNA 2
Thr
The tRNA 2 Thr gene was cloned into the pUC18 vector and transformed into XL1-Blue competent cells (Stratagene). The gene was amplified using polymerase chain reaction (PCR). The tRNA was synthesized by in vitro T7 RNA polymerase run-off transcription. The transcription reaction was performed at +37
• C for 3 h in 40 mM Tris, pH 8.1, 22 mM MgCl 2, 5 mM DTT, 2 mM spermidine, 50 g/ml BSA, 20 mM GMP, 4 mM nucleotides (ATP, GTP, CTP and UTP), the PCR product of the tRNA 2 Thr gene (60 g/ml) and 8 M T7 RNA polymerase. The filtered reaction was loaded onto a Resource-Q column (GE Healthcare) and tRNA 2 Thr was purified using a linear gradient of NaCl (0.5-0.65 M) in 20 mM Tris HCl, pH 8.1. Following elution, the tRNA 2 Thr was further purified on a S200 Superdex size-exclusion column (GE Healthcare) equilibrated with 20 mM Tris, pH 8.1 and 150 mM NaCl. The pure tRNA 2 Thr was concentrated and flash frozen in liquid nitrogen and stored at −80
• C.
Reconstitution and crystallization of the MST1-tRNA 2
Thr complex in the presence of the threonyl sulfamoyl adenylate (TAM) MST1 and tRNA 2 Thr were mixed to a molar ratio of one tRNA molecule per MST1 dimer and the complex was concentrated to 3.6 mg/ml. TCEP, MnCl 2 and TAM were added to a final concentration of 1 mM prior to crystallization trials. Crystals of the ternary complex were obtained by the sitting-drop vapor-diffusion method. Equal volumes of the solution containing the MST1-tRNA 2 Thr -TAM complex and the well buffer were mixed, and the drops were incubated at +12
• C. The rod-like crystals of the ternary complex grew in the buffer containing 0.2 M lithium sulfate, 0.1 M Tris-HCl, pH 7.0 and 2.0 M ammonium sulfate. Crystals were mounted directly from the mother liquor and frozen in liquid nitrogen without additional cryoprotection. The diffraction data were collected on the Pilatus detector at GM/CA@APS (23ID-D) beam line at the Advanced Photon Source, Argonne National Laboratory.
Structure determination
The diffraction data were processed in HKL2000 (18) . The crystal structure of the MST1-tRNA 2 Thr -TAM ternary complex was determined by molecular replacement in Phaser (19) using the crystal structure of apo MST1 (PDB ID: 3UGQ) as a search model. The structure of the bacterial tRNA Thr (PDB ID: 1QF6) was used as the initial model of tRNA. The structure refinement was performed in Phenix (20) , the model building was done in Coot (21) and structure superimpositioning was done using CEalign (22, 23) in Py-MOL (The PyMOL Molecular Graphics System, Version 1.7.4 Schrödinger, LLC). All figures were produced in Py-MOL.
Aminoacylation assays
Aminoacylation experiments were performed as described (16) in the presence of 100 mM Na-HEPES pH 7.2, 30 mM KCl, 10 mM MgCl 2 , 2 mM ATP, 25 M [ 3 H] Thr (100 Ci/ml), 0.1-1.6 M tRNA transcripts and 100-1000 nM MST1.
RESULTS
MST1 binds two tRNA 2 Thr molecules
Previously, we determined the crystal structures of apo MST1 (PDB ID: 3UGQ) and MST1 complexed with threonyl-(TAM) and seryl-(SAM) adenylate analogues (PDB ID: 3UH0 and 4EO4, respectively) to elucidate the mechanism MST1 employs to recognize amino acid and ATP substrates in the active site (17, 24) . Additionally, our kinetic and mutagenesis results suggested elements in MST1 that could be important for the recognition of tRNA substrates (17 Figure S1 ). Based on our results, we have proposed that the sequence of the anticodon loop is critical for recognition of the canonical tRNA 2 Thr , whereas the size of the corresponding element in tRNA 1 Thr dictates its binding to the enzyme (17). We also suggested that different residues in the anticodonbinding domain of MST1 define the specificity for one isoacceptor tRNA over the other. In spite of these efforts, our predictions were limited and could not fully explain why MST1 can act on two isoacceptor tRNAs that carry different anticodon sequences.
As part of our efforts to determine the mechanism at the structural level by which MST1 recognizes its substrate tRNAs, we determined the crystal structure of MST1 in complex with tRNA 2 Thr and TAM to 2.3Å resolution (PDB ID: 4YYE). The ternary complex crystals belonged to the triclinic (P1) space group and the asymmetric unit contained one MST1 dimer complexed with two tRNA 2 Thr molecules. The crystals were phased by molecular replacement using the crystal structure of apo MST1 (PDB ID: 3UGQ) as a search model. Inspection of the initial unbiased Fo-Fc electron density difference map revealed strong positive peaks corresponding to two tRNA molecules, as well as a TAM analog and a Zn 2+ ion in each active site. With the exception of the disordered region spanning residues 213-222 in MST1, the model is well ordered, of excellent geometry (Table 1), and agrees exceptionally well with the final 2mFo-DFc electron density map. The structure, which comprises 836 amino acids, 148 ribonucleotides, 2 TAM molecules, 2 Zn 2+ ions, 4 SO 4 ions and 636 water molecules, refined to a final R work / R free of 16.0/20.2% (Table 1) .
The MST1 dimer in the ternary complex crystal adopts a similar structure to that of apo MST1 and the MST1-TAM complex (PDB ID: 3UGQ and 3UH0, respectively). The enzyme forms a stoichiometric complex with both tRNAbinding sites fully occupied (Figure 1 ). The anticodonbinding domain intimately interacts with the anticodon loop and 'reads' the anticodon sequence. On the other hand, the catalytic domain binds the acceptor-T C arm and presumably positions the 3 -end of tRNA into the catalytic crevice. Although predominantly bound to one tRNA 2 Thr molecule, each MST1 subunit establishes cross-subunit interactions with the tRNA molecule that is bound to the second subunit. For instance, monomer A (MST1-A) interacts with both the anticodon loop and the acceptor arm of tRNA-A, but it also binds the 5 -phosphate, and the acceptor and anticodon stems of tRNA-B, which in turn interacts more intimately with subunit B (MST1-B) ( Figure 1C ). In this particular arrangement, MST1-A serves as the 'catalytic' subunit and MST1-B is the 'non-catalytic' subunit for tRNA-A, whereas the opposite is true for tRNA-B. The extent of interactions between a given tRNA and 'catalytic' and 'non-catalytic' MST1 subunits is quite different. To illustrate, the binding of tRNA-A to MST1-A buries 1,372 A 2 of the solvent accessible surface area, which is significantly larger than the surface area buried due to interactions between tRNA-A and MST1-B (526Å 2 ). For the sake of simplicity, we shall further discuss interactions between the MST1 dimer and tRNA-A only.
The acceptor arm of tRNA 2 Thr interacts with both enzyme subunits
One of the main features of the binary aaRS-tRNA complexes are the base-and shape-specific interactions between the enzyme and the acceptor arm of the elongator tRNA. In our crystal, the catalytic domain of the MST1-A subunit interacts with the acceptor arm of tRNA-A using primarily residues 166-169 in the newly formed helical turn, ␣5 . The side-chain hydroxyl of Ser166 coordinates the 5 phosphate of the tRNA as well as a water molecule (Wat1), which, in turn, forms a H-bond with the O4 atom of U2 ( Figure 2A ). The second base-specific interaction in this region is formed between the carbonyl oxygen of Gly167 and the N6 atom of A71 ( Figure 2B ). Residues 169-171 stabilize the complex through interactions with the sugar-phosphate backbone of the acceptor arm ( Figure 2B ). In particular, the backbone carbonyl of Leu169 coordinates a water molecule (Wat 2) that hydrogen bonds to N7 and a non-bridging oxygen of A70. The side chain hydroxyl of Ser170 and the backbone amide of Gly171 hydrogen bond to non-bridging oxygens of A70 and U69, respectively. These observations and the conservation of the U2:A71 pair indicate that the second base pair in the acceptor arm is an important recognition Table S1 ). This suggests that whereas U2:A71 is a major identity element for tRNA 1 Thr , it is less important for tRNA 2 Thr , presumably because other major identity elements in the anticodon of tRNA 2 Thr effectively compensate the recognition of U2:A71 by MST1. In our crystal structure, we did not observe electron density for the nucleotides C75 or A76, suggesting that the 3 end of the tRNA remains flexible even after binding to MST1 (Supplementary Figure  S3) .
Besides binding to MST1-A, the acceptor stem of tRNA-A also makes contacts with the 'non-catalytic' MST1-B. The side chains of Lys96 and Lys123 from MST1-B are within the H-bonding distance from backbone phosphates of A66 and U67 (Figures 2A and 3) . Particularly important is the side-chain NH 2 of Lys123, which also coordinates the 5 -phosphate of tRNA-A and together with Ser166 from MST1-A forms the 5 -phosphate-binding groove ( Figure  2A) . Interestingly, Lys123 resides in the flexible loop linking strands ␤4 and ␤5. Because of its spatial relationship with the active site and the structural rearrangement it undergoes upon complex formation, we suggest that the ␤4-␤5 loop may be a relay that signals to both catalytic sites of the MST1 dimer that the tRNA is bound to the enzyme (Figure 3) .
In conclusion, the acceptor arm of the yeast mitochondrial tRNA 2 Thr is recognized by both subunits of the MST1 dimer. Whereas the 'catalytic' subunit establishes the identity of the threonine tRNA, the 'non-catalytic' subunit stabilizes the complex through interactions with the sugarphosphate backbone of the acceptor arm. Lastly, both subunits are required for formation of the 5 -phosphate binding pocket(s).
The dimeric structure of MST1 is required for recognition of both the anticodon loop and anticodon stem of tRNA 2
Thr
Most aaRSs recognize the anticodon sequence in the cognate tRNAs. The accumulated biochemical and structural evidence demonstrates that the anticodon loop of tRNA binds to the anticodon-binding domain of the aaRS, where sequence-specific interactions are established. It is therefore not surprising that the anticodon loop, including the anticodon sequence it harbors, often serves as the major identity element in the elongator tRNA that is recognized by the cognate aaRS. Our previous biochemical studies suggested that MST1 employs this principle for substrate recognition as well (17) . What was surprising, however, was the observation that MST1 specifically recognized two mitochondrial tRNA Thr isoacceptors through interactions with their anticodon loops even though they differed both in size and sequence. Our crystal structure of MST1 in complex with the canonical tRNA 2 Thr provides the first glimpse at the mechanism of the anticodon stem and loop recognition by MST1. The structure shows that, as expected, the anticodon loop of tRNA-A binds to the anticodon-binding domain of MST1-A. On the other hand, its anticodon stem interacts in a cross-dimer fashion with the catalytic domain of MST1-B.
In our crystal, the anticodon-binding domain of MST1-A binds to the anticodon loop of tRNA 2 Thr (Figure 1 ). Not only does MST1 'read' the second and third position of the anticodon sequence, but it also recognizes the base of the nucleotide located upstream of the anticodon triplet (Figure 4A) . The side-chain hydroxyl and the backbone amide of Thr357 form H-bonds with the N3 and O2 atoms of the U33 base, respectively. In addition, the phosphate connectNucleic Acids Research, 2016, Vol. 44 Figure 3 . Cross-subunit interactions with the acceptor stem induce a conformational rearrangement in the active-site lid. Superimpositioning of the apo-MST1 structure (PDB ID: 3UGQ; beige) onto the MST1-tRNA complex (red, blue and grey) reveals structural rearrangements in the catalytic domain upon tRNA binding. Residues Lys96 and Lys123 from the MST1-B monomer (blue) interact with the sugar-phosphate backbone of the acceptor stem of the tRNA primarily bound to the MST1-A monomer (red). These interactions presumably induce to a conformational change in flexible loops ␤4-␤5 and ␣4-␤4 that result in movement of the helix ␣4 and thus widening of the active-site lid to accommodate the 3 end of tRNA. This is a possible mechanism of allosteric regulation that allows the active site of one monomer to 'sense' when tRNA is bound to the other monomer.
ing U33 and U34 is held in place by H-bonds with the side chain of Asn356. The base of U34, the first nucleotide of the anticodon sequence, is not specifically recognized. Instead, its pyrimidine ring stacks over the pyrrolidine ring of Pro402, which is located in the loop that links strand ␤16 with helix ␣10. The base configuration of U34 is stabilized by a H-bond between its N3 imino moiety and the O2 keto group of U32, whereas the interaction with the backbone amide of Val403 anchors the ribose ring in place. Further, the Watson-Crick face of G35 is recognized by the backbone amide of Glu424 and the side-chain carboxyl of Glu425. The recognition of U36, however, is a bit more elaborate. For instance, the O4 and N3 atoms of U36 form Hbonds with the N2 amino of G35 and a water molecule, respectively. The water molecule is held in place through its contacts with the side chain of Asn432 and the backbone amide of Arg434. Lastly, the guanidinium group of Arg434 stabilizes the orientation of U36 through contacts with the O2 atom of the base and the 2 OH group of ribose. Interactions with the distal part of the anticodon loop are comprised of Van der Waals contacts and non-specific polar contacts between the enzyme and the sugar-phosphate backbone.
The anticodon stem of tRNA-A establishes cross-subunit contacts with the catalytic domain of MST1-B ( Figure 1B ). In the bacterial complex, the cross-dimer interactions with the anticodon stem of tRNA Thr were sequence non-specific (25) . In a sharp contrast, our structure reveals that MST1-B specifically recognizes the first two base pairs of the anticodon stem (i.e. U27:A43 and U28:A42) and the first base in the variable arm (i.e. A44) in tRNA 2 Thr ( Figure  5A ). The anticodon stem of tRNA-A sits atop ␣5-␤6 loop Lys306 is also involved in 'reading' the identity of U27, whereas Asn310 makes base specific contacts with U28 and A43. (B) The structural overlay of apo (PDB ID: 3UGQ; beige) and tRNA-bound MST1 (blue and grey) reveals that residues of the catalytic domain of MST1-B that 'read' the sequence of the anticodon stem undergo a conformational change upon ternary complex formation. Asn310 moves 3.3Å from its position in the apo structure to interact with U28 and A43. Lys306 is partially disordered in apo MST1, but it is ordered in the ternary complex in which it interacts with a water molecule and the base of U27.
(residues 142-150) and ␤12-␤13 turn (residues 302-313). There, Lys306 forms a H-bond with the O2 atom in the base of U27, whereas the side chain of Asn310 makes contacts with the O2 and N3 atoms of U28 and A43, respectively. Also, the side-chain NH 2 group of Lys306 and the sidechain OH of Tyr312 coordinate a water molecule that, in turn, makes polar contacts with the 2 OH and the N3 imino of A44. The sugar-phosphate backbone flanking U27:A43, U28:A42 and A44 is stabilized through contacts with side chains of Ser146, Tyr147 and Asn148.
In summary, our structure shows that the homodimeric structure of MST1 is an essential prerequisite for productive binding to both the anticodon stem and loop of tRNA 2 Thr . The anticodon-binding domain of the catalytic MST1 subunit 'reads' the second and third position of the anticodon sequence as well as the nucleotide located immediately upstream of the anticodon sequence. The non-catalytic subunit, on the other hand, recognizes the first two base pairs of the anticodon stem, the first nucleotide of the variable arm and the shape of the flanking sugar-phosphate backbone.
Structural rearrangements in MST1 upon tRNA 2 Thr binding
We have previously reported that the active site of apo MST1 is dynamic and able to adopt both open and closed conformations (17) . The crystal structure of the tRNAbound MST1 provides a platform for examining structural rearrangements in the enzyme induced by formation of the productive complex with tRNA and aminoacyl adenylate. The structural comparison reveals that the tRNA binding induces conformational changes in the catalytic domain of both subunits of the MST1 dimer and that there are minor structural adjustments in the anticodon-binding domain. The superimpositioning of 832 residues of apo-MST1 in the closed conformation (PDB ID: 3UGQ) onto the corresponding residues of MST1 bound to tRNA 2 Thr and TAM yields a low root mean square deviation (r.m.s.d.) value of 1.17Å. Although the structural overlay of 296 residues of the catalytic domain yielded similarly low r.m.s.d. value of 1.11Å, we observed marked differences in several segments of the catalytic domain. Particularly, the flexible loops and helices comprising the dimer interface and the lid of the active site rearrange upon tRNA binding. The loop connecting strands ␤4 and ␤5 moves ∼3.6Å away from the dimer interface and closer to the tRNA (Figure 3) . Consequently, the side chain of Lys123 is brought in the proximity of the 5 phosphate and the backbone between A66 and U67. Further, helices ␣3 and ␣4, which form the lid of the active site, are repositioned in the ternary complex. Also, loop ␣4-␤4 of the catalytic monomer moves closer to the ␤4-␤5 loop in the non-catalytic monomer upon complex formation thereby creating a larger cleft near the active site that presumably serves to accommodate the CCA-end of the tRNA. Lastly, residues that interact with the first two base pairs of the anticodon stem, Lys306 and Asn310, undergo structural adjustments that facilitate productive interactions with the tRNA ( Figure 5B ). The side chain of Asn310 rotates moves 3.3Å from the position occupied in the apo MST1 and the side chain of Lys306 is fully ordered in the complex structure. These rearrangements facilitate interactions of Lys306 and Asn310 with U27 and A28:U43, respectively.
By contrast, the overall tertiary structure of the anticodon-binding domain does not alter upon complex formation. The superimpositioning of 120 residues of the anticodon-binding domain from the apo and tRNA-bound MST1 yields a very low r.m.s.d. value of 0.55Å. However, residues that recognize the anticodon sequence of tRNA 2 Thr undergo structural changes ( Figure 4B ). The backbone atoms of Arg434 translate ∼1.4Å toward the tRNA while the side chain rotates approximately 47
• to coordinate the O2 atom of the U36 base. Likewise, the side chain of Tyr405 rotates ∼111
• thereby positioning its hydroxyl moiety to H-bond a non-bridging oxygen of A26. Further, ␤-strands of the anticodon-binding domain shift when in complex with the tRNA and the domain adopts a more closed conformation when compared to the apo enzyme.
In summary, several surface loops of the catalytic domain are repositioned upon tRNA binding and, consequently, a larger cleft for binding the CCA-end is formed near the active site. On the other hand, the anticodon-binding domain largely adopts a very similar structure to the one observed in the apo enzyme. Only residues that directly interact with the anticodon loop exhibit altered conformation.
MST1 and E. coli ThrRS employ distinct tRNA recognition mechanisms
The superimpositioning of 392 analogous residues from the E. coli and yeast complexes yields an r.m.s.d value of 1.95 A, suggesting that the overall complex architecture is conserved from bacteria to yeast ( Figure 6 ). However, a closer inspection reveals a series of structural differences between the two complexes that may be of functional significance (25) .
The complex formation with MST1 buries ∼15% of the solvent accessible surface area of tRNA 2 Thr , whereas ∼20% of the bacterial tRNA Thr surface is engaged in binding to ThrRS. This difference is due to interactions the acceptor arm of the bacterial tRNA Thr establishes with the Nterminal editing domain, which is absent in MST1. The lack of this domain not only affects the editing function, but also the subtleties of the tRNA recognition mechanism of MST1. For instance, the editing and catalytic domains of the bacterial ThrRS form contacts with the minor-and major-groove sides of the acceptor stem, respectively. In particular, residues 201-214 of the bacterial N2 sub-domain of the editing domain form a hairpin motif that recognizes the sequence of the first two base pairs of the acceptor stem. As we have seen above, the second base pair in the yeast tRNA 2 Thr is recognized by the ␣5 helix in the catalytic domain of MTS1. Hence, although conserved, ␣5 helix plays a minor role in substrate recognition in the bacterial system. Instead, its role is performed by a segment of the editing domain, which is absent in MST1. Further, our analysis revealed differences in the mode of recognition of the 3 and 5 ends of the tRNAs. In the bacterial structure, the conserved Arg375, located in the loop in motif 2, forms base-specific contacts with C74. The side chain of the corresponding residue in MST1, Arg174, is only partially ordered in our crystal and does not make any contacts with tRNA. In addition, multiple residues of the bacterial catalytic domain coordinate either ribose hydroxyls or the base atoms of A76. By contrast, A76 is disordered in the binary MST1-tRNA 2 Thr complex. Lastly, while side chains from both MST1 monomers form the 5 -phosphate-binding pocket (Figure 2A ), only Ser367, aided by water molecules, forms the corresponding groove in the bacterial ortholog. Marked disparities are also present in the mode by which the anticodon stem and anticodon loop of the cognate tRNAs are coordinated. The bacterial ThrRS only interacts with the sugar-phosphate backbone between the second and third base pairs of the anticodon stem, but MST1 specifically 'reads' the sequence of the first two base pairs in the anticodon stem and the first base of the variable arm ( Figure 5 ). Next, while the second and third positions of the anticodon sequence are recognized by a conserved mechanism, the identity of the first position is established by interactions that are distinct between the two complexes. In the bacterial complex, the side chain of Asn575 interacts with the base of C34. To the contrary, the analogous residue in MST1, Asn400, does not interact with the base of U34. Instead, its backbone atoms interact with a nucleotide upstream of the anticodon sequence U32. The base of U32 along with Pro402 and Val403 interact with U34. Finally, residues of the anticodon-binding domain of the bacterial ThrRS interact closely with the backbone atoms of nucleotides 32-37, and the side chain of Arg583 stacks over the base of A38 (Figure 6 ). In the MST1-tRNA 2 Thr complex, an analogous Lys408 residue does not interact with tRNA and A38, but it is rather oriented toward the anticodon stem where it coordinates a water molecule.
DISCUSSION
The ability of aaRSs to aminoacylate cognate tRNAs is of vital importance for the maintenance of both the genetic code and cellular proteome, and for the integrity of biological processes. With the notable exception of SerRS (26) , AlaRS (27) , LeuRS (28) and PylRS (14) , other aaRSs establish identity of the cognate tRNA primarily through sequence-specific interactions with the anticodon sequence. Surprisingly, a single ThrRS in the mitochondria of certain yeast species, designated as MST1, aminoacylates equally well two isoacceptor threonine tRNAs, tRNA 1 Thr and tRNA 2 Thr , which harbor anticodon loops of different lengths and unrelated anticodon sequences (Supplementary Figure S1) . Even more puzzling is the fact that the anticodon loop serves as the major recognition element for both tRNAs. This is in a startling contrast to the other known case of isoacceptor 'promiscuitiy' in which the mammalian mitochondrial SerRS is able to bind distinct T C-loops in two serine tRNAs (29, 30) . The question was, therefore, raised as to how MST1 achieves the tRNA specificity while exhibiting substrate promiscuity? In other words, how is this aaRS capable of binding to completely different anticodon loops and sequences with high specificity? In our earlier studies we suggested that the anticodon-binding domain of MST1 could employ different residues/surfaces for binding to these anticodon loops, but the structural evidence was lacking. Herein, in an effort to define the tRNA-recognition mechanism(s) of MST1, we determined the crystal structure of MST1 bound to the canonical tRNA 2 Thr and compared it to the homologous structure derived from the bacterial system.
Nucleic Acids Research, 2016, Vol. 44 The asymmetric unit of our crystal contained one MST1 dimer bound to two tRNA molecules in the arrangement very similar to that observed in the bacterial ThrRStRNA Thr complex structure (25) . The low r.m.s.d. value, which was calculated after superimpositioining the backbone atoms of the bacterial ThrRS onto the yeast MST1, also implies that the two complexes are similar. However, due to the missing N-terminal editing domain, MST1 establishes fewer contacts with the cognate tRNA. This is illustrated by the fact that only 15% of the tRNA 2 Thr surface participates in the complex formation compared to ∼20% of the bacterial tRNA Thr . Also, while primarily interacting with one monomer (i.e. MST1-A), each tRNA forms a significant number of specific cross-subunit interactions with the other MST1 monomer (i.e. MST1-B). This implies that the dimeric structure of MST1 is critical for binding to both the acceptor and anticodon arms. Both E. coli ThrRS and S. cerevisiae MST1 recognize the second base pair of the acceptor arm of the tRNA, but the recognition patterns are distinct. In E. coli tRNA Thr , the second base pair is C2:G71 and mutating it to U2:A71 decreased the aminoacylation activity over 100-fold (31) . On the other hand, our data show that MST1 clearly prefers U2:A71 over C2:G71 (Supplementary Figure S2, Supplementary Table S1 ). Further, while the catalytic and editing domains of the bacterial ThrRS dimer 'read' the first two base pairs of the acceptor arm, the 5'-phosphate binding pocket is composed of residues from one subunit only. By contrast, the second base pair of the acceptor arm of tRNA-A is recognized by a newly formed helix ␣5 in MST1-A, but its 5'-phosphate interacts with residues from both MST1 subunits. Of particular importance for the 5'-end recognition is the side chain of Lys123, which is located in the flexible ␤4-␤5 loop that undergoes a conformational change upon tRNA binding. Because of its proximity to the catalytic sites, the ␤4-␤5 loop could serve as a sensor that 'informs' the active site that the complex with tRNA is formed and it could represent an element that allosterically regulates the enzyme activity. The structural flexibility of the catalytic domain thus may be important for binding to the acceptor arm of mitochondrial tRNA 1 Thr and tRNA 2 Thr and could play a role in modulating the enzymatic activity of MST1. Further studies on probing this mechanism are warranted.
As in case of the acceptor arm, recognition of the anticodon stem is dependent on the dimeric structure of MST1. MST1-A only binds the anticodon stem of tRNA-A via an interaction between residue Tyr405 and A26, while base specific interactions are formed with the catalytic domain of MST1-B only. Through cross-subunit interactions, MST1-B 'reads' the sequence of the first two base pairs of the anticodon stem of tRNA 2 Thr , U27:A43 and U28:A42, as well as that of the first nucleotide in the variable arm, A44. This is in a striking contrast to the bacterial ThrRS that forms only non-specific contacts with the sugar-phosphate backbone of the anticodon arm. Hence, although MST1 makes fewer contacts with the cognate tRNA when compared with the bacterial ThrRS, more of those contacts are sequencespecific. Also, the binding of tRNA 2 Thr to MST1 is completely dependent on the dimeric structure of the enzyme, perhaps more so than the bacterial tRNA Thr . The crystal structures of MST1-tRNA 2 Thr and E. coli ThrRS-tRNA Thr provide the opportunity to compare how respective anticodon sequences are recognized. In both structures, the anticodon-binding domain of monomer A binds the anticodon sequence of tRNA-A with minor structural adjustments to the enzyme. Our analysis shows that MST1, just like bacterial ThrRS, makes specific contacts with the second and third positions of the anticodon sequence. The conservation of the recognition mechanism ends here. Whereas the E. coli ThrRS 'reads' the first position of the anticodon, MST1 recognizes the base of the nucleotide located immediately upstream (i.e. U33) of the anticodon and not the first position. The base of the first nucleotide in the anticodon of tRNA 2 Thr is positioned through stacking with Pro402, and hydrogen bonds with U32 and the backbone carbonyl of Asn400. In addition, the bacterial ThrRS makes extensive contacts with the sugar-phosphate backbone of the distal part of the anticodon loop (nucleotides 32-38). By contrast, only a few interactions with A38 are present in the MST1-tRNA 2 Thr complex. Thus, it could well be that differences in a segment of the anticodonbinding domain that interacts with the distal part of the anticodon loop permit binding of the enlarged loop of tRNA 1 Thr . We also correlated our earlier predictions based on mutagenesis and kinetic assays (17) with interactions observed in the complex structure. We have previously suggested that side chains of Thr357, Gln362, Tyr405, Lys408 and Ser409 are important for recognition of the canonical tRNA 2 Thr .
The side chain of Gln362 does not specifically interact with the tRNA yet it stabilizes multiple residues (including Thr357) in the ␣10-␤16 loop. Supporting our prediction of the importance of Thr357, the backbone amino group and the side chain hydroxyl hydrogen bond to the WatsonCrick face of U33. In our structure, Tyr405 rotates away from the tRNA anticodon loop and instead positions the phosphate of A26 in the acceptor stem. Our previous data suggested important roles for Lys408 and Ser409, however, neither of these residues interacts with the tRNA directly. Lys408 is positioned between A37 and A38 and is partially disordered, while the role of Ser409 remains unclear. Ser409 is located in ␣11 and may play a role in the stabilization of this helix and thus the positioning of Tyr405. In summary, although adopting similar architectures, the structures of the yeast mitochondrial and bacterial ThrRStRNA Thr complexes reveal multiple differences in the mode of tRNA recognition. MST1 forms fewer contacts with tRNA 2 Thr when compared to the bacterial ThrRS, but it establishes a greater number of sequence-specific contacts. In addition, the dimeric structure of MST1 is an absolute prerequisite for binding to the acceptor and anticodon arms. This stands in contrast to the bacterial system in which cross-dimer interactions are fewer and less specific. Moreover, the structural flexibility in the catalytic domain of MST1 subunits is vital for recognition of the acceptor stem. Perhaps the most important is the flexible ␤4-␤5 loop of the catalytic domain, which might play a role of a sensor (or relay) that signals to the catalytic site that the substrate tRNA is bound to the enzyme. Additionally, our analysis shows that MST1 and bacterial ThrRS most likely employ distinct mechanisms for anticodon sequence recognition. Surprisingly, a segment of the anticodon-binding domain of MST1 that interacts with the distal part of the anticodon loop establishes a limited number of interactions with the tRNA Thr . Therefore, we speculate that this particular element in MST1 could play a critical role in accommodating an enlarged anticodon loop of tRNA 1 Thr . Lastly, the second base pair of the acceptor stem plays a more important role in recognition of tRNA 1 Thr compared with tRNA 2 Thr . To completely unravel the recognition mechanism of tRNA 1 Thr , however, a high-resolution structural study on MST1 bound to tRNA 1 Thr is needed.
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